Crowdsourcing involves the use of the collective intelligence of online communities to produce solutions and outcomes for defined objectives. The use of crowdsourcing is growing in many scientific areas. Crowdsourcing in ophthalmology has been used in basic science and clinical research; however, it also shows promise as a method with wide-ranging applications. This review presents current findings on the use of crowdsourcing in ophthalmology and potential applications in the future.
INTRODUCTION
Crowdsourcing is generally described in academic literature as 'an online, distributed, problem-solving, and production model that uses the collective intelligence of networked communities for specific purposes' [1] . The corresponding author, C.J.B., has previously described the application of crowdsourcing for prompt interpretation of retinal images [2 & ]. In that study, the Amazon Mechanical Turk (AMT) platform was used to crowdsource grading of fundus photos for diabetic retinopathy; for US$1.10/eye, workers were able to correctly grade images as normal or abnormal 81.3% of the time, workers spent on average 25 s on each image [2 & ] (Fig. 1 ). Crowdsourcing offers a novel method for data processing and could be applied to many areas in ophthalmology. Herein, we review the recent literature regarding crowdsourcing and its use in biomedical research more broadly and vision research specifically.
DISTRIBUTED HUMAN INTELLIGENCE
Distributed human intelligence is a subset of crowdsourcing that involves the division of a large task into its smaller components, which are then completed by individuals, so that only collectively is the entire task completed [3] . AMT is an online marketplace for distributed human intelligence tasks; a task administrator ('Requestor') uploads several small, discrete tasks, known as human intelligence tasks (HITs), which become available for completion by thousands of potential workers ('Turkers').
Common HITs involve translating words or labelling images. However, HITs may involve anything from searching the Internet to find the correct website address of a company, or watching a video to rate the level of sarcasm in the dialogue; often these tasks remain challenging or inefficient for artificial intelligence algorithms. Most HITs can be completed in seconds to minutes, and once the Turker completes their HIT, it is sent to the Requestor for approval. Once approved, the Turker is generally paid US$0.01-0.25 for completing the HIT, depending on the complexity of the task. Typically, a Requestor will upload a group of similar HITs, known as a 'batch', and depending on the type and complexity of the batch, as well as the payment offered by the Requestor, the batch may be completed within minutes to hours at a very economical cost.
To sustain the integrity of the marketplace, AMT is a reputation-based economy; the most soughtafter HITs are only available to Turkers with a high
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Crowdsourcing has the potential to reliably process large amounts of data in a very rapid and inexpensive way.
Crowdsourcing has been used to distinguish normal retinal images from images with diabetic retinopathy and glaucoma.
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Rapid, inexpensive, and accurate interpretation of images through crowdsourcing could reduce the number of images needing specialist grading, and complement screening and telehealth programs. approval rating (workers who have a high proportion of their HITs approved). Similarly, new Requestor's HITs may be avoided by Turkers with high ratings until the Requestor develops a reputation for fairness in approving and rejecting work. HITs may also have a qualification test associated with them, the qualification may be location or skills based, or even a stipulation that the Turker has not completed the particular HIT before (i.e., is naïve to the task).
Turkers work anonymously, however, demographic studies of Turkers have been performed, and there is now a Web-based tool that tracks, in real time, the demographics of the population of Turkers online in the AMT marketplace [4] . One study found 46.8% of Turkers were located in the USA, 34% were in India, and the remaining 19.2% in 64 other countries [5] . In the USA, most Turkers were women who used AMT as source of supplemental income, whereas in India, Turkers were more likely to be men earning their primary income [5] . However, the demographics of Turkers completing HITs varies with the day and time; for example, at 5 p.m. US Eastern time, Turkers are more likely to be located in the USA, whereas at 3 a.m. US Eastern time, they are more likely to be located in India [4] . In both India and the USA, Turkers are generally born in the 1980s, and the majority holds at least a bachelor's degree [5] . Most workers completed 20-50 HITs per week for US$1-5 [5] . Among US Turkers, monetary reward remains the primary impetus for completing HITs, although the motivations may be more complex; many of the surveyed Turkers included entertainment and education as reasons for being a worker [5] .
AMT is a dynamic and complex ecosystem of distributed human intelligence, albeit a powerful one. AMT has brought crowdsourcing to the fingertips of the masses; it has instantaneously and conveniently connected those with a task to be accomplished to the workers who are willing to complete it. The capabilities of AMT have many applications for biomedical research and beyond.
CROWDSOURCING AS TOOL FOR BIOMEDICAL RESEARCH
Crowdsourcing has been used in fields of scientific research ranging from basic science to public health. The crowd has interpreted and annotated medical images and documents to contribute to databases for future research [6] [7] [8] . The crowd has also assessed the skills of surgeons and played games to map retinal ganglion cell neurons in mice [9] [10] [11] [12] [13] . In almost all studies, the cost and time of using the crowd were much less than that of using experts. Such reports portray crowdsourcing as a tempting platform to process large batches of information while saving valuable resources.
Text interpretation
Crowdsourcing has been used for behavioral research, with Turkers from AMT acting as substitutes for expert judges in audio transcription, document comparison, and language processing [14] . Azzam and Harman showed Turkers were able to consistently rate the most important point in a transcript and identify supporting text segments from the transcript to explain their ratings [15] . In similar study, Turkers highlighted words and phrases to indicate disease processes in PubMed abstracts after passing a qualification test and completing annotation trainings [6] . In a span of 9 days and for a cost of under US$640, Turkers annotated 589 abstracts 15 times and produced a disease mention annotation corpus similar to the gold standard (NCBI Disease corpus) [6] .
Image interpretation
The developers of ImageCLEFmed, an automatic, medical image modality classification program, used Crowdflower, another crowdsourcing platform, to improve and expand a training set of images, so that the program could learn to correctly classify a diverse range of images [7] . AMT has also been used to produce reference images to verify new algorithms in computer-assisted minimally invasive surgery [8] . In under 24 h, at a cost of US$100, a total of 10,000 annotations was obtained from Turker grading that were deemed expert-quality after clustering.
Games
The crowd has also played interactive computer games to achieve research objectives, with successful projects including FoldIt for protein folding and MalariaSpot for image analysis [9, 10] . Recently, Waldispuhl et al. [11] developed a human-computing game called Ribo to improve the accuracy of sequence alignment for noncoding RNA, which is usually done manually in a time-consuming fashion by highly trained individuals. The nucleotides were represented with colored blocks that could be moved within a grid, and the players were asked to align the like-colored blocks within the same columns to reveal similar sequences. The average expect (E) values of the alignments from the Ribo game were less than the average E values from an established sequence alignment database, indicating greater precision by the crowd. This proof-of-concept study showed that crowdsourcing can be harnessed to improve the accuracy of public RNA alignment databases.
Another game in the basic science crowdsourcing world is EyeWire [12] . Investigators converted the mapping of individual retinal ganglion cells into a web-based game, which engaged the crowd by publishing users' high scores and allowing users to vote on 'consensus' segmentation. The players of EyeWire were committed to the game, with some logging thousands of neuron 'cubes.' Their accuracy also improved over hours of practice, yielding a three-dimensional map of the branching patterns of mouse retinal neurons in a relatively short amount of time. This research demonstrated that the crowd is not only a powerful tool for scientific discovery but also a labor force motivated as much by fun as by financial gains.
Assessment
Crowdsourcing has been used to evaluate surgical skills, yielding results similar to evaluations performed by expert surgeons. White et al. [13] generated videos of surgeons performing dry laboratory robotic surgical skill assessment tasks, which were then graded by three experts as well as by Turkers using a standardized grading tool. The crowdsourced scores had a high degree of agreement with expert scores, with the crowd costing US$16.50 to grade each video and the experts costing US$54-108 for the same task. The crowd was biased toward being more critical of the top performing surgeons than the experts were. Turkers have also been asked to assess surgical skills in videos of live, porcine robot-assisted urinary bladder closures [16] . In this study, Turkers agreed with expert scoring (a > 0.90) and completed the task in less than 5 h, more than 13 days faster than the surgeon graders [16] . In a separate study, Turkers consistently generated the same rank order of lower scoring surgeons as the expert graders in reviewing videos of roboticassisted radical prostatectomy [17] . Once again, Turkers completed the task far quicker than experts; 2531 video ratings were made by Turkers in 21 h, whereas the experts took 15 days to complete 318 ratings.
The applications of crowdsourcing in medical research are many. To date, most studies have piloted the use of the crowd to complete tasks usually done by experts, and nearly all have been proof-of-concept reports or first expansions from the baseline. The same phenomenon is occurring in ophthalmology, where researchers are beginning to adapt crowdsourcing as a tool for data processing and analysis.
CROWDSOURCING IN OPHTHALMOLOGY
In ophthalmic research, image analysis is often a time-consuming process performed by trained professionals. Crowdsourcing is being explored as a way to lessen the burden on experts and process large batches of images. Mitry et al. [18] used AMT to grade 100 fundus photographs with a wide variety of findings as normal or abnormal. The Turkers were trained by reading background information on the nature of the image and descriptions of abnormal features found in the images. They could also consult two labeled examples of normal fundus photos. The researchers ran four different study designs, each time varying the amount of prior experience a Turker needed to have and the compensation per HIT. In under 24 h, they completed 2000 classifications for a total cost of US$60. They found that Turkers were able to identify severely abnormal photos with a sensitivity of more than 98% and a high area under the curve (AUC) (range 0.819-0.915). However, the sensitivity was lowered to between 61 and 72% when Turkers were asked to distinguish normal from mildly abnormal images. Having more stringent requirements for Turker qualification and raising compensation did not increase the sensitivity of the grading.
Next, Mitry et al. [19 && ] sought to determine whether Turkers could identify images with glaucomatous changes (Fig. 2) . Turkers graded 127 images of optic discs as normal or abnormal, with each image being graded by 20 different Turkers. The first batch had no restrictions on Turker past experience, whereas the second only allowed Turkers who had completed more than 500 HITs and had more than 90% approval rating to complete the tasks. Both schemes were run twice, yielding similar findings. Sensitivity ranged between 83 and 88%, but specificity was low, ranging from 35 to 43%. The AUC ranged from 0.62 to 0.64, which was lower than expert grading (0.86) and automated grading (0.88). Turkers were more confident in their classifications of abnormals, with 100% of the glaucomatous retinal images graded correctly, whereas only 8-36% of the normal images were accurately classified. Although crowdsourcing yielded efficient ophthalmic image grading, with 2540 unique classifications of 127 images completed in several hours at 'minimal cost', it is not yet comparable to expert grading and has a high rate of false positives.
Diabetic retinopathy fundus photos have also been graded by Turkers with 2-category (normal vs. abnormal), 3-category (normal, mild/moderate, and severe), and 4-category (normal, mild, moderate, and severe) grading [2 & ]. The 2-category system yielded a sensitivity of 100% and specificity of 71.55%, with 81.3% of the images being classified correctly. However, the accuracy decreased to 64.5 and 50.9% with 3-category and 4-category grading, respectively. Unlike Mitry et al., this group found that accuracy improved after more strict Turker selection and further training and concluded Turkers could grade fundus photos of diabetic patients as normal or abnormal with reasonable accuracy and high speed.
In addition to image analysis, Turkers have been employed for optical coherence tomography (OCT) segmentation [20] . Macular OCT images were distributed through AMT, and Turkers were paid US$0.01 to delineate the inner limiting membrane-retina interface and the retinal pigment epithelium line after consulting example images. This was done quickly, with the average time to completion being 30.83 s. More than 9200 data points were collected, and the total cost of segmentation per OCT image was US$0.18. The Turkers had a high degree of agreement with each other, Pearson's correlation of interrater reliability was 0.995 (P < 0.0001). Agreement with expert or automated segmentation was not reported. With advanced web coding, AMT is a robust platform for manual segmentation of OCT images.
FUTURE APPLICATIONS OF CROWDSOURCING
Leveraging the collective intelligence of the crowd has numerous and diverse potential applications. In ophthalmology, crowdsourcing may enhance research capabilities by providing a convenient and economical way to collect, integrate, and analyze data. For example, crowdsourcing could be used to provide the 'ground truth' on data, which could then be used to test and improve other novel methods of data management, such as artificial intelligence algorithms. In the clinical practice of ophthalmology, crowdsourcing could be used as aid in screening large populations for ophthalmic disease. Rapid, inexpensive, and accurate interpretation of images through crowdsourcing could reduce the number of images needing specialist grading, and complement screening and telehealth programs.
CONCLUSION
Crowdsourcing is a novel and convenient approach for data processing. Recent studies have demonstrated that crowdsourcing may be used as a rapid and accurate method to distinguish normal retinal images from images with diabetic retinopathy and glaucoma. The AMT crowdsourcing marketplace has also been used to promptly and reliably complete manual segmentation on OCT images. In other areas of research, crowdsourcing has proven useful for text and image interpretation, and data analysis. Future research should be performed to evaluate ways of maximizing accuracy of data processing by crowdsourcing, as well as to expand the application of harnessing collective intelligence.
